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1. INTRODUCTION

The prevailing strategy in complex molecule synthesis is to use
existing substrate stereochemistry to direct the introduction of
new stereogenic centers.1�4 This approach has been particularly
useful in the stereoselective generation of diolmotifs by addition of
organometallic nucleophiles to chiral protected R- and β-hydroxy
aldehydes and ketones. The paradigm to predict the stereochem-
ical outcomes of these additions is based on the polar Felkin�Anh,
Cornforth�Evans, and Cram-chelation models.5�18 The key
factor in the additions toR- and β-hydroxy aldehydes and ketones
is the size of the protecting group.19 Small protecting groups, such
as MOM and Bn, promote carbonyl addition via a chelation-
controlled pathway (Figure 1).7,20 Conversely, sterically encum-
bering silyl protecting groups favor a nonchelation pathway, giving
rise to 1,2-anti diol addition products.5,7,21 There are very few
exceptions to this paradigm.22�28 Thus, when the desired protect-
ing group for the global protecting group strategy does not provide
the requisite stereochemistry in the diastereoselective addition,
chemists have relied on the use of enantioenriched stoichiometric
auxiliaries, optically active stoichiometric additives,5,29�37 or chiral
catalysts38�42 to override substrate control.

On the basis of our previous studies,43�45 we recently devel-
oped the first general protocol to achieve chelation-controlled
additions of organometallic reagents to R-silyloxy aldehydes
utilizing alkyl zinc halide Lewis acids.46 Dialkylzinc and functio-
nalized dialkylzinc reagents add to R-silyloxy aldehydes with
excellent selectivity for the chelation-controlled addition product
(Scheme 1A). Moreover, we have shown that a variety of
vinylzinc reagents undergo addition to R-silyloxy aldehydes to
generate (E)-di-, (E)-tri-, and (Z)-disubstituted allylic alcohols
with high diastereoselectivity, strongly favoring chelation-con-
trolled products (Scheme 1B and C).

There are limited examples of methods to promote highly
diastereoselective chelation-controlled additions of organome-
tallic reagents to R-silyloxy ketones. The products of these
additions contain vicinal secondary and tertiary carbinols, a motif
that is found in natural products such as fostriecin, among
others.47�53 To fill the gap in the methodology, we set out to
develop a versatile method for the chelation-controlled addition
of organometallic reagents to R-silyloxy ketones. We perceived
three potential problems. First, it is well-known that ketones are
significantly less reactive than aldehydes. Second, compounding
this reactivity issue, organozinc reagents are very mild alkyl
donors and either do not react or react very slowly with ketones
in the absence of Lewis acids. Finally, although we have presented
evidence that EtZnCl can reversibly chelate toR-silyloxy ketones
(1H NMR),46 alkyl zinc halides are relatively weak Lewis acids,
and it was not clear if they would activate ketones sufficiently to
promote addition of dialkylzinc reagents. The low nucleophilicity
of dialkylzinc reagents combined with the mild Lewis acidity of
RZnX can result in deprotonation of the ketone substrate and
generation of enolates. The resulting enolates react with a second
equivalent of substrate to give rise to aldol side products. Despite
these challenges, we report herein a highly diastereoselective
method for the chelation-controlled addition of a variety of
organozinc reagents to R-silyloxy ketones.

2. EXPERIMENTAL SECTION

General Methods. All reactions were performed under a nitrogen
atmosphere using oven-dried glassware and standard Schlenk or vacuum
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ABSTRACT: The polar Felkin�Anh, Cornforth�Evans, and
Cram-chelation models predict that the addition of organome-
tallic reagents to silyl-protected R-hydroxy ketones proceeds via
a nonchelation pathway to give anti-diol addition products. This
prediction has held true for the vast majority of additions
reported in the literature, and few methods for chelation-
controlled additions of organometallic reagents to silyl-pro-
tected R-hydroxy ketones have been introduced. Herein, we present a general and highly diastereoselective method for the
addition of dialkylzincs and (E)-di-, (E)-tri-, and (Z)-disubstituted vinylzinc reagents to R-silyloxy ketones using alkyl zinc halide
Lewis acids, RZnX, to give chelation-controlled products (dr g18:1). The compatibility of organozinc reagents with other
functional groups makes this method potentially very useful in complex molecule synthesis.
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line techniques. The progress of all reactions was monitored by thin-
layer chromatography. Toluene and dichloromethane were dried
through alumina columns. Racemic ketone derivatives were prepared
by literature method; nucleophilic addition of Grignard or organo-
lithium reagents to trans-2-methyl-2-butenal was followed by ozonolysis
and protection. Enantiopure ketones were prepared from the corre-
sponding enantiopure madelic acid or methyl lactate according to
liturature procedures.54,55 Alkyl zinc halides were prepared by literature
methods.56,57 All chemicals were obtained fromAcros, Sigma-Aldrich, or
GFS Chemicals unless otherwise described. The 1H NMR and 13C{1H}
NMR spectra were obtained using a Br€uker AM-500 Fourier transform
NMR spectrometer at 500 and 125 MHz, respectively. Chemical shifts
are reported in units of parts per million (ppm) downfield from
tetramethylsilane, and all coupling constants are reported in hertz.
The infrared spectra were obtained using a Perkin-Elmer 1600 series
spectrometer. Thin-layer chromatography was carried out on Whatman

precoated silica gel 60 F-254 plates and visualized by ultraviolet light or
by staining with ceric ammonium molybdate or 2,4-dinitrophenylhy-
drazine stain. Silica gel (230�400 mesh, Silicycle) was used for air-
flashed chromatography. Analysis of diastereomeric ratios was per-
formed by gas chromatography using a Hewlett-Packard 6890 or Agilent
Technologies 7890A GC with a Beta-Dex or Chirasil-Dex Column or by
1HNMRof the crude reaction products. Analysis of enantiomeric excess
was performed using aHewlett-Packard 1100 seriesHPLC andChiralcel
OD-H or Chiralpak AD-H column. High-resolution mass spectra were
measured using a Waters 2695 Separations Module (1S0RR23444).
Relative stereochemistry was determined by comparison to literature
values or comparison to corresponding Grignard or organolithium
addition products. Vinyllithium29 reagents were made from the corre-
sponding vinyliodides58 according to literature procedure.
Cautionary Note. Diorganozinc reagents and tert-butyllithium are

pyrophoric. Extreme caution should be used in their handling, and
proper laboratory attire is highly recommended.
General Dialkylzinc Procedure. General Procedure A. A dry

10 mL Schlenk flask, which was evacuated and backfilled with N2 three
times, was charged with the alkyl zinc chloride (1.75 mmol, neat solid),
dialkylzinc (0.75 mmol), and toluene (1 mL). The flask was then cooled
to �15 �C followed by dropwise addition of the ketone solution (0.5
mmol in 0.5 mL of toluene). The reaction was monitored by TLC until
completion. The reaction mixture was quenched with saturated aq
NH4Cl (2 mL) followed by addition of Et2O (5 mL). The organic layer
was separated, and the aqueous solution was extracted with Et2O (3 �
10 mL). The combined organic layers were successively washed with
brine, dried over MgSO4, and filtered. The filtrate was concentrated in
vacuo and purified by column chromatography on silica gel.
General Dialkylzinc Addition Procedure for Butyl-Substi-

tuted Ketones. General Procedure B. A dry 10 mL Schlenk flask,
which was evacuated and backfilled with N2 three times, was charged
with the solid alkyl zinc chloride (2 mmol), dialkylzinc (2 mmol), and
toluene (1 mL). The ketone solution (0.5 mmol in 0.5 mL of toluene)
was then added dropwise followed by heating to 50 �C. The reaction was
monitored by TLC until completion (12�24 h). The reaction mixture
was then quenched with saturated aq NH4Cl (2 mL) followed by
addition of Et2O (5 mL). The organic layer was separated, and the
aqueous solution was extracted with Et2O (3� 10 mL). The combined
organic layers were successively washed with brine, dried over MgSO4,
and filtered. The filtrate was concentrated in vacuo and purified by
column chromatography on silica gel.

Figure 1. Polar Felkin�Anh, Cornforth�Evans, and Cram-chelation models for additions to protected R-hydroxy aldehydes and ketones. Recent
studies have highlighted the importance of the Cornforth�Evans model over the polar Felkin�Anh model.13,14

Scheme 1. Diastereoselective Addition of Dialkylzinc and
Vinylzinc Reagents to R-Silyloxy Aldehydes
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(E)-Di- and (E)-Trisubstituted Allylic Alcohol Procedure.
General Procedure C. A dry 10 mL Schlenk flask, which was
evacuated under vacuum and backfilled with N2 (g) three times, was
charged with dicyclohexylborane (Cy2BH) (125 mg, 0.7 mmol) and
toluene (1.5 mL). The solution was cooled to 0 �C followed by slow
addition of alkyne (0.7 mmol). After 5 min, the reaction was warmed to
room temperature and stirred for an additional 15min. The solution was
cooled to�78 �C, and dimethylzinc (Me2Zn) (0.4 mL, 2 M in toluene)
was added. After being stirred at �78 �C for 30 min, the reaction flask
was warmed to �30 �C, and EtZnCl (1.05 mmol) was added under a
steady flow of N2 (g). Immediately thereafter, the ketone (0.35 mmol, in
0.2 mL of toluene) was added. The reaction mixture was stirred
at �30 �C and was monitored by TLC until completion (usually
36�48 h). The reactionmixture was quenched with saturated aqNH4Cl
(2 mL) and 2 NHCl (1 mL) followed by addition of 5 mL of Et2O. The
organic layer was separated, and the aqueous layer was extracted
successively with Et2O (2 � 5 mL). The combined organic layers were
successively washed with aq NaHCO3, brine, dried over MgSO4, and
filtered. The filtrate was concentrated in vacuo and purified by column
chromatography on silica gel.
(Z)-Disubstituted Allylic Alcohol Procedure. General Pro-

cedure D. A dry 10 mL Schlenk flask, which was evacuated under
vacuum and backfilled with N2 (g) three times, was charged with
diethylborane (0.88 mL, 1 M toluene) and 1 mL of dry THF. After
the flask was cooled to 0 �C, the bromoalkyne (0.88 mmol) was added
dropwise, and the flask was stirred at room temperature for 20 min.
t-BuLi (0.51mL, 1.7M in pentane) was added to the flask at�78 �C and
stirred for 35 min, warmed to room temperature, and stirred for an
additional 40 min. The volatiles were then removed under vacuum over
30min, and the residue was redissolved in toluene (2mL). Dimethylzinc
(0.44 mL, 2 M in toluene) was slowly added to the reaction mixture
at�78 �C and stirred for 30 min. The EtZnCl (136 mg, 1.05 mmol) was
then added followed by the ketone solution (0.35 mmol, in 0.2 mL of
toluene). The reaction mixture was stirred at�30 �C and monitored by
TLC until completion (usually 36�48 h). The reaction mixture was
quenched with saturated aq NH4Cl (2 mL) and 2 N HCl (1 mL)
followed by addition of 5 mL Et2O. The organic layer was separated, and
the aqueous layer was extracted successively with Et2O (2� 5 mL). The
combined organic layers were successively washed with aqNaHCO3 and

brine, dried over MgSO4, and filtered. The filtrate was concentrated in
vacuo and purified column chromatography on silica gel.

3. RESULTS AND DISCUSSION

To develop a synthetically useful method for the chelation-
controlled addition of organozinc reagents to R-silyloxy ketones,
we envisioned employing a variety of alkyl and vinyl zinc
nucleophiles. We were most concerned about additions with
dialkylzinc reagents, because they are considerably less reactive
than mixed alkyl vinylzinc and divinylzinc reagents. Nonetheless,
several dialkylzinc reagents are commercially available, providing
a good starting point and facilitating the reaction optimization
process.
3.1. Optimization of Diethylzinc Addition to r-Silyloxy

Ketone 1a. Initially, we examined the reaction of diethylzinc with
racemic TBS-protected 3-hydroxybutanone (1a). As shown in
Table 1, in the absence of EtZnX Lewis acids, the reaction of
diethylzinc (1.5 equiv) with TBS-protected 1a provided <5% of
the addition product after several days at 0 �C. Furthermore, the
product consisted of a 1:1 mixture of diastereomers, as deter-
mined by GC analysis (entry 1). We therefore added 2.0 equiv of
EtZnCl and conducted the reaction in toluene for 24 h at room
temperature (entry 2). Under these conditions, good conversion
to the expected addition product was observed with >20:1
diastereoselectivity. Unfortunately, 18% of the starting ketone
was converted to aldol product (9% yield, entry 2). In an attempt
to minimize the aldol side product, the reaction temperature was
decreased to 0 �C, and the reaction conducted in both toluene
and methylene chloride (entries 3 and 4). Although both
reactions exhibited good conversion and excellent diastereos-
electivity (>20:1), in the reaction in toluene 16% of the starting
ketone was converted to aldol product as compared to 30% in
dichloromethane. It is noteworthy that solvents containing
oxygen (THF, Et2O, and even t-BuOMe) are not compatible
with our chelation-controlled additions, because they effectively
bind to the Lewis acidic RZnX and cause complete loss of
diastereoselectivity. Lowering the reaction temperature to

Table 1. Optimization of Diethylzinc Addition to TBS-Protected 2-Hydroxybutanone

entry X 1:EtZnX:Et2Zn solvent temp (�C) time (h) dr (2:3) 1a aldolb 2 þ 3b

1 1.0:0:1.5 toluene �15 72 1:1 >95 <5

2 Cl 1.0:2.0:1.5 toluene rt 24 >20:1 5 18 77

3 Cl 1.0:2.0:1.5 CH2Cl2 0 24 >20:1 3 30 67

4 Cl 1.0:2.0:1.5 toluene 0 24 >20:1 3 16 81

5 Cl 1.0:2.0:1.5 toluene �15 24 >20:1 13 4 83

6 Br 1.0:2.0:1.5 toluene �15 24 >20:1 24 10 65

7 OTf 1.0:2.0:1.5 toluene �15 24 6:1 93 7

8 Cl 1.0:3.0:1.5 toluene �15 48 >20:1 5 2 93

9 Cl 1.0:3.5:1.5 toluene �15 48 >20:1 1 2 97
aRemaining starting material, conversion, and dr (Cram-chelation:Felkin addition) based on GC analysis. bConversion of 2 mol of starting ketone to 1
mol of aldol side product, as by GC analysis.
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�15 �C resulted in a decrease in the amount of ketone converted
to aldol side product (from 16% in entry 4 to 4% in entry 5). Use
of EtZnBr under the same conditions resulted in high diastereos-
electivity (>20:1), but lower conversion and increased aldol
production (entry 6). Employing EtZnOTf gave low conversion
and significantly reduced diastereoselectivity (entry 7). Raising
the amount of EtZnCl to 3.0 and 3.5 equiv resulted in up to 97%
conversion after 48 h and gave the chelation-controlled addition
product with >20:1 dr (entries 8,9).
The relative configuration of the products in Table 1 was

assigned by (1) synthesis of both diastereomeric products
through addition of EtMgBr to the ketone 1a and (2) compar-
ison of the addition products derived from EtMgBr and EtZnCl/
Et2Zn to the

1HNMR spectra of these diastereomers reported in
the literature.59 The major product formed in the addition of
EtMgBr to ketone 1a in Et2Owas the Felkin addition product 3a,
which corresponded to the minor diastereomer formed in our
organozinc additions in Table 1.
3.2. Addition of Dialkylzinc Reagents to r-Silyloxy Ke-

tones. The optimized conditions in Table 1, entry 9, were
applied to the addition of diethyl- and dibutylzinc to TBS and
TES-protected R-silyloxy ketones. Entry 1 contains the opti-
mized ethyl addition from Table 1, which has been included for
the purpose of comparison. With the same ketone substrate,

3.5 equiv of dibutylzinc was required for consumption of the
ketone in 48 h.We speculate that more dibutylzinc was needed to
promote addition due to a more facile formation of aldol side
products. Nonetheless, the product formed with >20:1 diaster-
eoselectivity and was isolated in 86% yield after chromatographic
purification (entry 2). The TES protected analogue underwent
addition with both diethyl- and dibutylzinc to afford the product
with >20:1 dr in 96% and 78% yield (entries 3 and 4).
To probe the impact of the ketone structure, we varied the

substituents on the 3-position of the substrates. The R-methyl
substituent of the TBS or TES-protected R-hydroxy ketones was
replaced with Ph and Bn groups (Table 2, entries 6�10).
Increasing the size of the substituent from methyl to phenyl
and benzyl should make chelation less favorable. If chelation-
control remains the dominant pathway, however, the diastereos-
electivity is expected to be higher due to the larger size of phenyl
and benzyl over methyl (Figure 1). The reactions with TBS- and
TES-protected phenyl-substituted ketones proceeded with ex-
cellent diastereoselectivity (>20:1), and products were isolated
in 68�85% yield. Additionally, there was no erosion of ee when
enantiopure ketones were employed (entry 5, see the Supporting
Information for details). Addition of diethylzinc to the Bn-
substituted ketone occurred with >20:1 diastereoselectivity,
albeit in slightly diminished yield due to a more sluggish reaction.
For the substrates in Table 2, the additions also were per-

formed with the corresponding Grignard or organolithium
reagents to prepare the diastereomeric mixture enriched in the
Felkin addition product (see the Supporting Information for
details). In each case, the major product formed in the Grignard
and organolithium additions had a diastereomeric relationship
with those generated in Table 2 using organozinc reagents.
To further explore the reactivity and substrate scope with

respect to the ketone electrophile, we replaced the R0-methyl

Table 2. Diastereoselective Alkyl Additions to Silyl-Protected
r-Silyloxy Ketones

a Equivalents of RZnX relative to ketone. b 1.5 equiv of ZnEt2 or 3.5 equiv
of Zn(n-Bu)2 was used. c dr (Cram-chelation:Felkin) determined by
1H NMR or GC analysis of crude products. Relative stereochemistry
was determined by comparison to corresponding Grignard or organo-
lithium addition.

Table 3. Diastereoselective Alkyl Additions to Butyl-Substi-
tuted Ketones

a Equivalents relative to ketone. b dr (Cram-chelation:Felkin) deter-
mined by 1H NMR or GC analysis of crude products. Relative
stereochemistry was determined by comparison to corresponding
Grignard or organolithium addition products.
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substituent with n-butyl. The addition of diethylzinc to the
corresponding n-butyl ketone proved to be significantly slower,
giving less than 50% conversion even at room temperature. This
considerable difference in reactivity can be attributed to the lower
electrophilicity of the n-butyl ketones and the greater steric
hindrance. After examining several reaction temperatures, we
found that the reaction of diethylzinc with TBS-protected
2-hydroxyheptan-3-one at 50 �C resulted in full consumption
of the starting ketone (Table 3, entry 1). The chelation-con-
trolled product was obtained with excellent diastereoselectivity,
albeit in moderate yield (54%) due to the formation of aldol side
products. Dimethylzinc is known to react much slower than
diethylzinc with aldehydes and ketones.60 However, the reaction
of dimethylzinc with TBS-protected 2-hydroxyheptan-3-one
under our optimized conditions gave rise to the expected
addition product in 81% yield and >20:1 dr. Moreover, there
was no erosion of ee when enantiopure ketones were employed
(see the Supporting Information for details). The corresponding
TES-protected ketone underwent addition with diethyl- and
dimethylzinc to furnish the chelation-controlled addition pro-
ducts with >20:1 dr and 51�86% yield (entries 3 and 4).We have
also prepared theR-phenyl derivatives and subjected them to the
diastereoselective addition reactions. The yields and dr of the
addition products (entries 5 and 6) mirrored those observed in
entries 1�4.
The results in Tables 2 and 3 can be compared to prior reports

by the Reetz and Eliel groups. In pioneering work, Reetz28

demonstrated that MeTiCl3 underwent addition to silyl pro-
tected R-hydroxy ketones with dr as high as 85:15 favoring the
chelation-controlled addition product (Scheme 2). The general-
ity of the method has not been expanded beyond addition of
methyl groups.

The dramatic increase in the rate of dialkylzinc additions to
ketones (Tables 1 and 2) in the presence of EtZnX can be
compared to the seminal investigations by Eliel and Frye.22�24

These researchers studied the reaction of MgMe2 in THF with
silyl-protected 3-hydroxy-2-butanone at �70 �C (Table 4).
Smaller silyl groups, such as TMS, resulted in very high diaster-
eoselectivities favoring the chelation-controlled product (entry 1,
dr = 99:1). The diastereoselectivity steadily decreased with
increasing size of the silyl group.23 Ultimately, with the TIPS
protected ketone substrate, the Felkin addition product prevailed
(entry 5, 58:42), leading to the conclusion that the dominant

Scheme 2. Chelation-Controlled Methyl Addition to R-Sily-
loxy Ketones by Reetz and Coworkers

Table 4. Addition of Dimethylmagnesium to Silyloxy Ke-
tones by Eliel, Frye, and Coworkers23

entry SiR3 relative rate dra

1 SiMe3 ∼100s 99:1

2 SiEt3 8 96:4

3 Si(t-Bu)Me2 2.5 88:12

4 Si(t-Bu)Ph2 0.8 63:37

5 Si(i-Pr)3 0.5 42:58
a dr = Cram chelation:Felkin.

Table 5. Diastereoselective Generation of (E)-Di- and Tri-
substituted Allylic Alcohols

a 2 equiv of vinyzinc reagent relative to ketone was employed. b dr
determined by 1H NMR of the crude product and refers to the ratio of
Cram-chelation:Felkin addition products. cReaction on 5 mmol scale.
dRelative stereochemistry was determined by comparison to corre-
sponding vinyllithium addition. e 2.5 equiv of vinylzinc reagent was
employed relative to the ketone.
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pathway with this substrate was the nonchelation-controlled
addition. This conclusion was supported by a relative rate study
in which a 200-fold rate acceleration with the TMS protected
substrate over the TIPS derivative was observed. Despite the
conceptual innovation of this study, it was not developed into a
synthetically useful method, and scope remains limited to
MgMe2 and protected chiral R-hydroxy propiophenones.
3.3. Addition of Vinylzinc Reagents to r-Silyloxy Ketones.

Tertiary allylic alcohols are key synthetic intermediates61,62 and
are common structural motifs in natural products.47 To increase
the utility of our method, we explored the diastereoselective
addition of vinylzinc reagents to R-silyloxy ketones (Table 2).

Utilizing Oppolzer’s procedure,63�66 (E)-vinylzinc reagents
were generated in situ. Thus, hydroboration of alkynes with
HBCy2 was followed by B to Zn transmetalation with Me2Zn to
form the (E)-vinylzinc intermediates. In the presence of EtZnCl,
the vinylzinc reagents added to R-silyloxy ketones.
After screening various noncoordinating solvents and reaction

temperatures in a fashion similar to that used in Table 1, we
found that optimal diastereoselectivities and yields were obtained
at �30 �C in toluene. As shown in Table 5, the use of terminal
alkynes and 3 equiv of EtZnCl with both TBS and TES-protected
3-hydroxybutanone led to the generation of tertiary (E)-disub-
stituted allylic alcohols with very high dr’s (g18:1) favoring the
chelation-controlled addition products (Table 5, entries 1�3 and
6�8). Equally noteworthy is the use of an enyne to produce the
syn-dienyl alcohol in 83% yield with 18:1 dr (entry 3). Addition-
ally, internal alkynes can be utilized in the reaction to afford (E)-
trisubstituted allylic alcohols with >20:1 dr and 65�91% yield
(entries 4, 5, 9, and 10).
A prerequisite to the development of practical and useful

methods is the demonstration of scalability. When the reaction in
entry 2 was conducted using cyclopropylacetylene on a 5 mmol
scale, the chelation-controlled allylic alcohol product was ob-
tained in 81% yield with >20:1 dr.
We next applied our method to the addition of vinylzinc

reagents to R-silyloxy ketones bearing a phenyl on the carbinol.
As illustrated in Table 6, the reactions proceed with excellent
diastereoselectivities, favoring the chelation-controlled products.
It is noteworthy that despite the increased acidity of the benzylic
C�H’s, the major product is derived from addition rather than
deprotonation. Furthermore, there was no erosion of ee when
enantiopure ketones were employed (entry 4, see the Supporting
Information for details).
Our method of accessing 1,2-syn allylic diols containing (E)-

di- and trisubstituted double bonds is complementary to elegant
studies by Roush and co-workers that allow access to the
unsubstituted analogues.67 As illustrated in Scheme 3, these
authors recently reported the hydroboration of an allylboronate
with diisopinocamphenylborane followed by subsequent alde-
hyde allylation and oxidative workup. The 1,2-syn diol products
were isolated with excellent dr (>20:1) and ee (80�92%).
Given that (E)-vinylzinc reagents underwent highly diaster-

eoselective additions to R-silyloxy ketones, we turned our atten-
tion to addition of the more sterically demanding (Z)-vinylzinc
reagents. We recently developed methods for the (Z)-vinylation
of aldehydes.43,68 As shown in Scheme 4, the (Z)-vinylzinc re-
agent is generated from the 1-bromo-1-alkyne by initial hydro-
boration with diethylborane in THF.43 To promote the forma-
tion of the (Z)-vinylborane, t-BuLi69 was added as a hydride
source to initiate the 1,1-metalate rearrangement and generate
the (Z)-vinylborane intermediate.
We next applied our (Z)-vinylation to the addition to

R-silyloxy ketones (Scheme 5). Given the ability of ethereal
solvents to bind tightly to RZnX, a solvent switch was necessary
after the formation of the (Z)-vinylborane reagent. Thus, the
THF was removed under vacuum, and fresh toluene was added
to the flask. The (Z)-vinylborane was then treated with Me2Zn,
EtZnCl, and the R-silyloxy ketone (Scheme 5). The (Z)-allylic
alcohol was obtained with >20:1 dr as a single double bond
isomer.
3.4. Proposed Transition State. It is important to note that

the diastereoselectivities for the chelation-controlled addition
reactions in Tables 2, 3, 5, and 6 are exceptionally high, rivaling

Table 6. Additions to r-Phenyl Silyloxy Ketones

a 2 equiv of vinyzinc reagent generated relative to ketone. b dr deter-
mined by 1H NMR of the crude product and refers to the ratio of Cram-
chelation:Felkin addition products. c 3 equiv of vinylzinc reagent gener-
ated relative to ketone. dRelative stereochemistry determined by
comparison to corresponding vinyllithium addition (see the Supporting
Information).

Scheme 3. Synthesis of 1,2-syn Diols via Allene Hydrobora-
tion/Allylation by Roush and Coworkers67
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those observed with benzyl and alkyl protected R-hydroxy
ketones.70�73 To rationalize the excellent levels of diastereos-
electivity observed with the variety of organozinc nucleophiles
and ketone substrates employed in this study, we propose a
transition state structure that involves coordination of the
chloride of the RZnCl to the dialkyl- or vinylzinc reagent
(Figure 2). Coordination of RZnCl by ZnR2 is anticipated to
increase the Lewis acidity of ClZnR and favor chelation of the
substrate. Coordination of the chloride to the dialkylzinc reagent
also increases the donor ability of the dialkylzinc, allowing a
directed addition to the carbonyl carbon of the ketone. Further
studies are necessary to determine the validity of this mechanistic
proposal.

4. CONCLUSIONS

In summary, we have developed the first general, highly
diastereoselective method for the chelation-controlled addition
of organozinc reagents to silyl-protected R-hydroxy ketones,
solving a long-standing deficiency in organic synthesis. It is
important to note that the exceptional diastereoselectivities
outlined herein with silyl-protected R-hydroxy ketones are com-
petitive with results reported with benzyl-protected R-hydroxy
ketones. Previous methods for addition of organometallic re-
agents to silyl-protected R-hydroxy ketones generated Felkin
addition products in the vast majority of cases, as outlined in

most graduate level organic and physical organic chemistry
textbooks.74�77 The results outlined herein, in combination with
our chelation-controlled diastereoselective additions to silyl-
protected R-hydroxy aldehydes,43,44,46 are expected to result in
a paradigm shift in the addition of organometallic reagents to
silyl-protected R-hydroxy carbonyl compounds.

Our method provides a new synthetic tool to generate 1,2-syn
diols and (E)-di-, (E)-tri-, and (Z)-disubstituted tertiary allylic
alcohols with excellent dr’s. These results, combined with the
compatibility of organozinc reagents with a wide array of
functionality, make this method useful for the synthesis of
complex molecules and natural products.
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